Chloroplasts are believed to be descendants of ancestral cyanobacteria that have a peptidoglycan layer between the outer and the inner membranes. In particular, cyanelles having peptidoglycan in Cyanophora paradoxa are considered as evidence for the endosymbiotic origin of chloroplasts. The moss Physcomitrella patens has a complete set of genes involved in the synthesis of peptidoglycan, but a peptidoglycan layer has not been observed by conventional electron microscopy to date. Recently, a new metabolic labeling technique using a fluorescent probe was applied to visualize putative peptidoglycan surrounding the chloroplasts. The exact localization of the peptidoglycan, however, has not been clearly identified. Here we examined conventional electron micrographs of two types of moss materials (mutants or ampicillin-treated plants), one presumably having peptidoglycan and the other presumably lacking peptidoglycan, and analyzed in detail, by single-pixel densitometry, the electron density of the chloroplast envelope membranes and the intermembrane space. Statistical analysis showed that the relative electron density within the intermembrane space with respect to that of the envelope membranes was significantly higher in the materials presumably having peptidoglycan than in the materials presumably devoid of peptidoglycan. We consider this difference as bona fide evidence for the presence of peptidoglycan between the outer and the inner envelope membranes in the wild-type chloroplasts of the moss, although its density is lower than that in bacteria and cyanelles. We will also discuss this low-density peptidoglycan in the light of the phylogenetic origin of peptidoglycan biosynthesis enzymes.
Introduction
Peptidoglycan is a basic constituent of the bacterial envelope, which is accumulated as a very thick outermost layer (about 30 nm) of the cell wall of Gram-positive bacteria. In Gram-negative bacteria, a peptidoglycan layer of about 3-6 nm thick is present between the outer and the inner membranes (Vollmer and Seligman 2009) . Cyanobacteria possess a clearly defined peptidoglycan layer, which appears as an electron-dense structure (Supplementary Fig. S1 ; see also Liberton et al. 2006 ). The cyanobacterial cell wall is known to consist of several layers of different electron densities and is about 20-30 nm in thickness depending on the species. The electrondense, central layer (L II ) consisting of peptidoglycan is about 10 nm thick on average, and thicker than the peptidoglycan of other Gram-negative bacteria (Gantt 1994 ). In the current endosymbiotic theory of plastid origin, the plastids of land plants and algae are considered as descendants of an ancestral endosymbiont related to cyanobacteria (Sato 2001 , Sato 2016 . Until quite recently (about the 1970 s), the plastids (muroplasts) of Cyanophora paradoxa (Glaucophytes) and the chromatophores of Paulinella chromatophora (Rhizopods) have been regarded as true endosymbiotic cyanobacteria and named 'cyanelles' (Stanier et al. 1976 ). The peptidoglycan layer has been clearly identified by electron microscopy in these organisms (Kies 1974 , Iino and Hashimoto 2003 , Sato et al. 2009 , Nowack and Grossman 2012 . According to current knowledge, Glaucophytes are one of the Archaeplastida (resulting from the primary endosymbiosis) and P. chromatophora gained chromatophores by another endosymbiosis event. The chemical composition of Cyanophora peptidoglycan was characterized by mass spectrometry (Pfanzagl et al. 1996) . The presence of peptidoglycan makes the cyanelles resistant to osmotic pressure, but the physiological role of peptidoglycan in the cyanelles remains unknown.
Peptidoglycan was not found in other algae of the Archaeplastida, such as red and green algae. Curiously, homologs of the genes for the peptidoglycan synthesis enzymes were found in the moss Physcomitrella patens and the lycophyte Selaginella moellendorffii (Machida et al. 2006 , Takano and Takechi 2010 , Banks et al. 2011 . While angiosperms such as Arabidopsis thaliana possess homologs of some of the components, evidence for the complete pathway of peptidoglycan synthesis was found in the complete genomes of the charophyte Klebsormidium flaccidum (now called "nitens". Hori et al. 2014 ) and the green alga Micromonas sp. CCMP 1545 (van Baren et al. 2016 ) in addition to the moss and the lycophyte (Banks et al. 2011 , Rensing et al. 2008 . A recent study on gymnosperm genomes also detected all components of the peptidoglycan synthesis system at least as homologous fragments (Lin et al. 2017) . The role of peptidoglycan biosynthetic genes has been studied extensively in P. patens, in which inhibition of peptidoglycan synthesis, either by the addition of b-lactam antibiotics such as ampicillin, or by gene disruption, impaired chloroplast division, resulting in a few, large chloroplasts in the cell (Takano and Takechi 2010, and references therein) . No such effects have been demonstrated in A. thaliana.
The real existence of peptidoglycan in the moss remained, however, enigmatic until recently, because no structure like the bacterial peptidoglycan layer was observed by conventional electron microscopy (Figs. 1B, 2, see also, for example, the micrographs in Takano and Takechi 2010) . The use of a new technology called 'click chemistry', which has been used to visualize 'invisible peptidoglycan' of Chlamydiae and related microorganisms (Liechti et al. 2014 , van Teeseling et al. 2015 , made it possible to visualize the peptidoglycan layer in the periphery of chloroplast by epifluorescence (Hirano et al. 2016) . In this case, a modified exogenous substrate, ethenyl D-alanyl-D-alanine, was incorporated into a mutant defective in the synthesis of D-alanyl-D-alanine, and attached to an azide-modified fluorophore in situ by click chemistry after integration into the putative peptidoglycan. The exact localization of the peptidoglycan remained, however, unclear because of the limited resolution of fluorescence microscopy. Nevertheless, this observation prompted us to re-examine the peptidoglycan layer by conventional electron microscopy.
We tried the 'hot osmium method' in which reaction with osmium tetroxide at a higher temperature is expected to enhance the contrast of sugar residues within polymers such as peptidoglycan. This was found to be effective in fixing cyanobacterial cells , which are normally quite difficult to fix with osmium tetroxide. In the present report, we analyzed the electron density around the chloroplast envelope membranes in detail by a new computational method called 'single-pixel densitometry'. Statistical analysis of many data showed that the electron density in the intermembrane space was significantly higher in the materials presumably having peptidoglycan than in the materials presumably lacking it. We consider this result, by conventional electron microscopy, as an indication for peptidoglycan-like material between the two envelope membranes, although a clearly discernible structure that can be called a 'peptidoglycan layer' was not visualized in the images.
Results

Electron microscopic images of the chloroplast envelope
The chloroplast envelope membranes of P. patens protonemata (wild type) appear exceptionally straight and rigid (Figs. 1B, 2) , which is never the case in the chloroplasts of other plants or algae (e.g. Supplementary Fig. S3 ). This gave us a first impression that there might be a solid support for the envelope membranes. This property was found in the specimen prepared by both normal fixation (Fig. 2) and hot osmium fixation (Fig. 3) . Observation at a higher magnification did not, however, reveal the presence of a putative peptidoglycan layer near the envelope membranes. Comparison of the images of untreated (control) and ampicillin-treated protonemata (Fig. 1A, B) suggested that the intermembrane space between the envelope membranes might be denser in the untreated than in the ampicillin-treated specimens, but this difference was not quite clear, because the contrast of images was different in different images ( Supplementary Fig. S2 ). To obtain quantitative measures, we determined the density of the two membranes and the intermembrane space using the thylakoid membranes as a reference.
Single-pixel densitometry
Simple densitometry using ImageJ or other software did not reproduce the density profile which we thought to find in the micrographs. A reason for this is that the membranes were not really quite straight, and the densitometry within a selected area gave an average over long and winding membranes. It should be noted that the density profile of a membrane is also dependent on the angle at which the membrane was sectioned. We have to select parts of images in which the envelopes are cut at a right angle, namely precisely in a transverse manner (see the Discussion). In addition, we developed a new method for the analysis of the density of digital images along a single-pixel slice as detailed in the Materials and Methods. In this way, we expected to trace the local density profile traversing the envelope membranes at a high resolution and to obtain important parameters characterizing the membranes and the space (Fig. 1C, D) . Statistical analysis of many slices (Fig. 1E) would provide a reliable measure of the density and thickness of the membranes and spaces.
Effects of ampicillin treatment
Results of single-pixel densitometry of ampicillin-treated and control (untreated) protonemal chloroplasts (wild type) are shown in Table 1 (the leftmost two columns). Note that ampicillin is a potent inhibitor of peptidoglycan synthesis in bacteria. The ampicillin treatment blocked chloroplast division, resulting in large chloroplasts as documented already (Katayama et al. 2003) . Both Width1 (the thickness of the outer membrane) and Width2 (the thickness of the inner membrane) were larger in the control than in the ampicillin-treated sample. The normalized electron densities in the outer membrane, inner membrane and intermembrane space, Density1, Density2 and Density_s, respectively, were also higher in the control. All differences between the control and ampicillin-treated sample in these parameters were significant at P < 2.2 e-16 (lower limit of the software R), because the numbers of data were very large: 5,872 in the control and 7,431 in the ampicillin-treated samle. The thickness of the intermembrane space (value $3) was identical in both samples (24.4 pixels = 4.9 nm). As a result, Ratio_density (density of the intermembrane space divided by the average density of the two membranes: value $10) was significantly higher in the control specimen (0.552) than in the ampicillin-treated specimen (0.461).
Peptidoglycan mutants
We then analyzed two mutants defective in the synthesis of peptidoglycan, ÁMurE and ÁPbp (Machida et al. 2006, Takano and Takechi 2010) , as well as the ÁMltB mutant. The moss MltB (encoding membrane-bound lytic transglycosylase B) gene is a homolog of bacterial mltB, which is involved in the degradation of peptidoglycan. While a disruptant of this gene is being analyzed in the laboratory of H. Takano, this mutant was used here as another moss strain retaining peptidoglycan. Results of mutant analysis as well as the ampicillin treatment data are also summarized in Table 1 , and the statistics for density are shown in Supplementary Fig. S4 . The normalized density of the envelope membranes was unchanged among different samples. In the mutants supposedly lacking peptidoglycan, ÁMurE and ÁPbp, the normalized electron density of the intermembrane space (Density_s) was lower than that in the strains supposedly having peptidoglycan, ÁMltB and the wild type (labeled 'control') ( Supplementary Fig. S4A ). The density ratio or Ratio_density ( Supplementary Fig. S4B ) was also clearly different between these two groups of specimens. The results in pea chloroplasts (fixed by the normal method) are shown for comparison, although they are difficult to compare directly with the results of moss. All the results, however, indicate that the intermembrane space, which appears to be empty in micrographs, gives a density equivalent to about a half of the membranes in both pea and moss. This convinced us of the importance of quantitative measurement of the density. The variation was fairly large in the obtained data, but the differences were significant, because of the large data size ( Supplementary Fig. S4C ). The same tendency was found in individual images comparing control and ampicillin-treated materials ( Supplementary Fig. S5 ), although some images of the ampicillin treatment gave results similar to untreated materials. This could be explained by the fact that ampicillin is effective only in actively growing or dividing chloroplasts.
The differences in other parameters in the mutants were not consistent in the ampicillin treatment experiment ( Table 1) . The absolute value of densities of the two membranes, and the ratio of densities of the inner and outer membranes seemed independent of the presence/absence of peptidoglycan. The thickness of the membranes and their ratio also seemed to be independent of the hypothetical presence of peptidoglycan.
The effects of ampicillin and mutation might not be entirely identical. Fig. 4 shows scatter plots of the density vs. thickness. No correlation was found in the thickness and density of the membranes or the space. Only the density of the intermembrane space was significantly different in the two groups of chloroplasts, namely those presumed to have peptidoglycan and those presumed to lack it.
Analysis of variation (ANOVA)
The data analyzed here contained various data from different films having a different number of slices. To substantiate the results of simple statistical analysis as described above, we then performed a more sophisticated analysis, named nested ANOVA (analysis of variance). For this purpose, a 'balanced data set' [this term in statistics means that the number of 'film' objects and 'density' measurements are identical throughout the data set: here, 'Exp', 'Film' and 'Density' are used as labels for different levels of nested data set (see Supplementary data S1), but in the text these are written as ordinary English words] was prepared: the nested data set consisted of five 'experiments' (control, ampicillin and three mutants). Each experiments included 10 films. Each film had 300 measured values of density ratio. Fig. 5 shows a box plot, comparing the five 'experiments'. The experiments were classified into two groups, the one consisting of the control and ÁMltB, and the other consisting of ampicillin-treated, ÁMurE and ÁPbp (the definition of names of 'experiments' in ANOVA is not exactly identical to the mutant names, because the delta symbol was avoided). The significance of the differences was then tested by nested ANOVA.
The nested ANOVA was intended to test if the variance among the experiments was significantly larger than the variance within the experiments, namely the variance among the films. The results shown in Supplementary Document S1 showed that this is the case, i.e. the variance among the experiments was larger than the variance within the experiments. This was confirmed with two programs, 'lme' (linear mixed effects model) and 'aov'. In both analyses, the P-values were significantly small (<0.0001 and 1.5 e-08, respectively). In the next step, we performed Tukey's test using two programs, 'glht' and 'tukeyC'. In both sets of results, the experiments were classified into two groups, which were significantly different. Control and ÁMltB were one group (marked 'a' in TukeyC analysis), and ampicillintreated, ÁMurE and ÁPbp were another group (marked 'b'). This was just what we expected from the box plot (Fig. 5) as described above. These results established that the electron density within the intermembrane space was significantly higher in control and ÁMltB that are presumed to contain peptidoglycan than in ampicillin-treated, ÁMurE and ÁPbp that are presumed to lack peptidoglycan. In other words, the presence of peptidoglycan or peptidoglycan-like material was indeed detected by conventional electron microscopy.
Discussion
Usefulness and limitations of conventional electron microscopy: pros and cons
We interpret the experimental results as showing that peptidoglycan contributes to the electron density in the The statistics of the 11 parameters obtained by the 'Density' program were processed by the R program using the 'stargazer' package. Presumptive presence and absence of peptidoglycan is indicated in the row (PG). For each parameter, the average and SD are shown. Width parameters are expressed in pixels (=0.2 nm). Density parameters are expressed in values relative to thylakoid membranes (=100). Ratio parameters ($8, $9 and $10) are anonymous. The Ratio_density parameter, the only parameter that was significantly correlated with the presumptive presence/absence of peptidoglycan, is shown in bold. Fig. 4 Scatter plot of the thickness (in pixels, horizontal axis) and normalized density (vertical axis). The two samples on the left are presumed to retain peptidoglycan. The three samples on the right are presumed to lack peptidoglycan. Blue, outer membrane; red, inner membrane; green, intermembrane space. The distribution of green dots appeared different in the two types of samples.
intermembrane space of the chloroplast envelope in the specimens presumed to contain peptidoglycan. There could be various arguments about the validity of this interpretation. First, the use of conventional electron microscopy and staining techniques can produce variable densities of the membrane and intermembrane space. This is indeed a reasonable caution, but does not entirely invalidate the methodology used in the present study. A simple refutation to this argument is that the peptidoglycan layer has been recognized by such conventional methods in many bacteria and cyanelles. Moreover, specialists in electron microscopy might argue that the sophisticated measurement of electron density might not be reliable, because the density is variable depending on individual conditions of fixation and staining. Even in a single section, the degree of staining and exact thickness of the section could be slightly different at different positions. We agree with this argument, because our measurement indeed showed very large deviations as seen in the scatter plots (Fig. 4) and the box plot (Fig. 5) . However, this argument does not deny the value of statistical analysis. We obtained data from several different sections that were treated as similarly as possible. Variations due to differences in staining or for some other reasons could be reasonably treated statistically. We also used different types (mutation and ampicillin treatment) of specimens for both types of chloroplasts, i.e. those that are presumed to have peptidoglycan and those that are presumed to lack peptidoglycan. We believe that the statistical difference detected by ANOVA between the two types of chloroplasts is significant and meaningful. Another criticism could reflect recent innovations in techniques of electron microscopy, for example that we should use a more recent, new technique, such as cryo-electron microscopic tomography as used in the elucidation of the peptidoglycan layer in Chlamydiae (Pilhofer et al. 2013 , van Teeseling et al. 2015 . We know how many technical innovations have revealed what had not previously been visible, which can indeed inspire in us a feeling of scientific progress. A serious problem is the size of moss chloroplasts (Figs. 2, 3) , which are larger (about 10 mm in diameter) than bacterial cells or chloroplasts of angiosperms. Mutant chloroplasts (that are unable to divide) are much larger, filling the entire space of the cell (about 100 mm). If intact tissue of moss is to be used, then the size will be larger. If, instead, isolated chloroplasts are used, the intactness of the material could be questioned, and will be a problem depending on the results obtained. Use of tomography will be the next step in the identification of peptidoglycan in the moss, but we will need many more innovations before it becomes practically feasible.
Rather, the point of the current study is that it is possible to detect the presence of chloroplast peptidoglycan by conventional electron microscopy, which has been believed to provide Fig. 5 Box plot of a nested data set of five experiments, each consisting of 10 films with 300 slices. Each box shows the upper and lower quartile with a median. Bars indicate the maximum and minimum, excluding outliers, which are shown by small circles. The original data (set2N300) and the script for generating this plot are available as Supplementary Dataset S1 and Supplementary Document S1, respectively. The names of 'Exp' in the balanced data set for ANOVA are: PP, wild-type control; PPamp, wild type with ampicillin; PPmltB, ÁMltB; PPmurE, ÁMurE; PPpbp, ÁPbp.
only negative results; in other words, the presence of peptidoglycan-like material was suggested using electron microscopy. We use the words 'detect the presence', but not anything more. Detecting something in biology (especially in anatomy) is usually taken as visualizing it as an image with a certain shape, but there can be different kinds of visualization. Although we cannot yet visualize the moss peptidoglycan as a 2D or 3D shape, all the available data can be considered to show the presence of peptidoglycan between the two membranes of the chloroplast envelope. This may disappoint some people, but the current results show exactly why the peptidoglycan layer has not been 'seen' until now.
Why single-pixel densitometry?
The usefulness of single-pixel densitometry might not be evident for most readers. Images in electron micrographs are not exactly what we see. When we look at the image of the chloroplast envelope, for example, we instinctively transform the image in our brain, and try to see it as two distinct lines. Our brain tells us to recognize the intermembrane space as if it were empty. It is indeed very difficult for us to estimate the density of the intermembrane space by eye. This is the reason why quantitative measurement is necessary. We first used densitometry functions of ImageJ or other graphic software, by defining a rectangle (we call the two axes, x and y) and the direction of measurement (we define it along the x-axis). Such measurement averages the densities over the y-axis. By this method, we always obtained a U-shaped density profile of the intermembrane space, and it was difficult to delineate the intermembrane space and, logically speaking, the two envelope membranes. Possible reasons are the followings:
(i) The real envelope membrane is not perfectly straight, and this could lead to a diffuse profile of density. (ii) The density profile is also diffuse for various other reasons. It should be noted that the thickness of a membrane is about 7-8 nm (see Table 1 , 40 pixels = 8 nm), whereas the thickness of a 'thin section' is about 70-100 nm. The observed density profile of a membrane is a projection of densities over the entire thickness of a thin section. If the membrane is not cut at a right angle, the edges of a membrane will be diffuse. (iii) The imaging system of the electron microscope also have inherent aberrations, which could be important in high-magnification images. As a result of all these, the image of a membrane is diffuse, which makes it difficult to measure the density of the intermembrane space accurately. The third point (aberrations) was avoided as much as possible by fine-tuning the microscope. Single-pixel densitometry is an effort to resolve the first problem at least partially. This method alleviates the effect of nonstraightness of the membrane, because the density profile is estimated along a line (slice) with a minimal width. This is limited by the grain size of the film and the resolution of the scanner (or the resolution of the CCD camera). In our experimental conditions, the resolution was sufficent to obtain a density profile. The problem of the cutting angle was avoided as much as possible by selecting the regions of images in which the envelope membranes looked clean without apparently diffuse edges. This was not difficult for the moss chloroplasts, because, as described above, the envelope membranes of moss are extremely straight. The resultant density profile as shown in Fig. 1C (red dots) could be approximated by a hypothetical or theoretical profile (black line) within a reasonable limit of errors. Minor ups and downs were visible in the observed profile, but we consider most of them as stochastic errors. If a finer profile can be obtained with reliability, then we will be able to identify the peptidoglycan 'layer', but we consider that this is the problem of the technical limit of the present experiments.
A plausible view on the moss peptidoglycan Hirano et al. (2016) have already shown that peptidoglycan is present in the periphery of the chloroplast and entirely surrounds it. Now we show that peptidoglycan is detected in the intermembrane space. Taken together, we imagine that peptidoglycan exists more or less uniformly within the two membranes of the chloroplast envelope. Close examination of the micrographs, however, did not show that the peptidoglycan forms a clearly discernible layer within the intermembrane space, although an additional membranous layer seems to be visible in limited regions (Figs. 1B, 6 ). The peptidoglycan layer of Gram-negative bacteria (Vollmer and Seligman 2009 ) is about 3-6 nm in thickness. The peptidoglycan of cyanobacteria is known to be thicker usually, about 10 nm (Gantt 1994, Trautner and Vermass 2013) . In our micrographs, the peptidoglycan layer of Synechocystis sp. PCC 6803 (Fig. 6A, B ; Supplementary Fig. S1A, B) was thinner (about 6 nm), but the thickness of the peptidoglycan layer of Phormidium sp. KS ( Supplementary Fig. S1C ) was >10 nm. The hypothetical peptidoglycan of P. patens, although less electron dense, might uniformly fill the intermembrane space of the chloroplast envelope, which is about 5 nm in width (Fig. 6C, D) . The density of the peptidoglycan might be very low. In some regions in the electron micrographs (Fig. 3B, right end; Fig. 3C , center; . 3D , left end), an additional layer seems to be visible between the two envelope membranes. We are, however, cautious, and interpret this as obliquely cut membranes in most cases. Nevertheless, we cannot completely deny that there is a thin layer of peptidoglycan having a very low density/concentration within the intermembrane space. In any case, the peptidoglycan of moss chloroplast, if it indeed really exists, must be very different from the peptidoglycan in cyanobacteria. This is consistent with the recent finding that many of the enzymes involved in peptidoglycan synthesis in moss or other plants originated from bacteria other than cyanobacteria (Sato and Takano 2017) .
Because the presence of peptidoglycan in the envelope membrane could contribute to the physical toughness and rigidity of the envelope, it may be related to chloroplast osmotic balance and integrity to some extent. The role of peptidoglycan in chloroplast division is still poorly understood. Peptidoglycan could be involved in the constriction during the chloroplast division, but the role of peptidoglycan that wraps around the entire chloroplast is an open question. Chloroplasts of angiosperms obviously have lost the peptidoglycan requirement for division.
Concluding remarks
Use of single-pixel densitometry enabled us to detect the presence of enigmatic peptidoglycan between the two membranes of the chloroplast envelope in the moss P. patens using conventional transmission electron micrographs. This finding consolidates the previous identification of peptidoglycan material surrounding the chloroplast by a fluorescence method. This advancement in the study of chloroplast peptidoglycan will justify a study of the next step involving more sophisticated new technologies of electron microscopy to really visualize peptidoglycan in the moss chloroplast.
Materials and Methods
Growth of materials
The protonemata of the moss Physcomitrella patens were grown in minimal medium supplemented with 5 mM diammonium (+)-tartrate as described previously (Hashimoto and Sato 2001) . Agar (0.8%) plates were used for maintaining the stock culture at 25 C. Light was provided by fluorescent lamps at about 50 mmol m -2 s -1 . For ampicillin treatment, ampicillin (200 mg ml ) was added to the growth medium under the cellophane sheet supporting the moss protonemata, and growth was continued for 3 d. Mutant strains were grown as previously described (Machida et al. 2006) . Synechocystis sp. PCC 6803 was grown and processed for electron microscopy as described in Awai et al. (2014) . Phormidium sp. strain KS was grown and processed for electron microscopy as described in Sato et al. (2014) . Seedlings of pea (Pisum sativum cv. Natsuhama from Sakata Seeds Co.) were grown in natural day/night conditions in the room, and the leaves at the age of 7 d were used for electron microscopy.
Transmission electron microscopy
The moss protonemata were first fixed with 1% glutaraldehyde in 0.1 M sodium cacodylate for 2 h at room temperature, and post-fixed with 1% osmium tetroxide in 0.1 M sodium cacodylate for 30 min on ice, then for 1 h at room temperature. In the hot osmium procedure, the test tube containing the sample was then incubated in an air-driven incubator at 60 C for an additional 1 h. After dehydration with an ethanol series and embedding in Epon resin, thin sections were stained with 2% uranyl acetate for 20 min to stain maximally and 2% lead citrate for 5 min as usual. Images of chloroplast envelopes were obtained in a JEOL 1200EX operated at 80 kV, at a magnification of Â100,000. Films were scanned with an Epson GT-X980 scanner at 1,200 dpi (avoiding Newton ring), with correction of intensity.
Data analysis and computational methods
Within the images of chloroplast envelope membranes, only the parts that were cut at a right angle that appeared as clear, distinct straight lines were selected, and aligned as shown in Supplementary Fig. S2 (cytoplasmic side on the left) . Density information was obtained as text files using the 'Tools !Save XY Coordinates' function of ImageJ (Schneider et al. 2012) . The density profile along a single pixel slice (Fig. 1C) were analyzed by the program 'Density' written in the C language, which is freely available from the web site of one of the authors (http://nsato4.c.u-tokyo.ac.jp/old/Density.html).
The processing by the program included the following steps. (i) Horizontal segments of 11 pixels were fitted throughout the data points, and the segments with (locally) minimal SDs were selected. Each segment was elongated under certain allowance conditions (SD < 120% of the original value). (ii) A slope was applied between the segments (similar to those in Fig. 1C ). (iii) Local peaks and local valleys were detected, and numbered in order of height (for peaks) or depth (for valleys). (iv) A renewed slope was estimated between a peak and a valley (Fig. 1C) . The density and the thickness (width) of the two membranes and the intermembrane space were estimated (Fig. 1D) . The program outputs a table of all analyzed slices as shown in Fig. 1E (one line per slice). When a highdensity area was present near the membranes, the program could not give a good estimate. In this case, no results for this slice were printed in the output.
The 11 values listed in columns $0 to $10 of the output file (Fig. 1E : the dollar signs indicate variables here) are as follows (see Fig. 1D ):
The outer membrane $0 Width1 (thickness of the membrane in the middle) $1 Top_w1 (thickness of the membrane measured at the top) $2 Density1 (electron density of the membrane)
Intermembrane space $3 Space (thickness of the space) $4 Density_s (electron density of the space)
The inner membrane $5 Width2 (thickness of the membrane in the middle) $6 Top_w2 (thickness of the membrane measured at the top) $7 Density2 (electron density of the membrane)
Width was shown in pixels in the table. Density was 8-bit data (i.e. 0-255). In the final results, membrane thickness is shown in nanometers by multiplying by 0.2 (nm pixel -1 ).
In $2, $4 and $7, the background level of electron density was subtracted as shown in Fig. 1D .
Comparison of the space with respect to the membrane was performed in the following way (asterisks indicates multiplication): $8 = 2 * $3/($0 + $5) (Ratio_w) $9 = 2 * $3/($1 + $6) (Ratio_top) $10 = 2 * $4/($2 + $7) (Ratio_density)
The absolute value of electron density was different in different micrographs. To correct for this, the average electron density of thylakoid membranes on the same micrograph was used to normalize the densities. This normalization, as well as removal of outliers, was performed by PERL scripts. Final statistical calculations were performed with the software 'R' (https://www.Rproject.org). ANOVA was also performed using the R software with the packages 'multicomp' and 'TukeyC', among others. For this purpose, a nested set of data of density ratio for 300 slices per film was prepared. The final nested data consisted of five different 'experiments', each of which included 10 'films' having 300 'density' values (available as Supplementary Dataset S1).
Supplementary data
Supplementary data are available at PCP online. 
